Although several studies have found no change or a decreased risk of childhood cancer in twins, few have controlled for potential confounders such as birth weight. We examined the association of birth plurality and childhood cancer in pooled data from five U.S. states (California, Minnesota, New York, Texas, and Washington) using linked birth-cancer registry data. The data, excluding children with Down syndrome or who died before 28 days of life, included 17,672 cases diagnosed from 1980 to 2004 at ages 28 days to 14 years and 57,966 controls with all cases and controls born from 1970 to 2004. Analyses were restricted to children weighing V4,000 g at birth. Odds ratios (OR) and 95% confidence intervals (95% CI) were estimated using unconditional logistic regression adjusting for sex, gestational age, birth weight, birth order, maternal age, maternal race, state of birth, and birth year. Children who were multiples had no difference in risk of cancer overall (OR, 0.93; 95% CI, 0.82-1.07), but a borderline reduced risk of Wilms' tumor (OR, 0.65; 95% CI, 0.39-1.09). For children diagnosed <2 y of age there was a reduced risk of Wilms' tumor (OR, 0.27; 95% CI, 0.09-0.86) and neuroblastoma (OR, 0.46; 95% CI,) and an increased risk of fibrosarcoma (OR, 5.81; 95% CI,). Higher-order multiple birth (triplets or higher) was not associated with childhood cancer. Our analysis suggests that mechanisms other than birth weight and gestational age may influence the lower risk of Wilms' tumor and neuroblastoma in multiple births. (Cancer Epidemiol Biomarkers Prev 2009;18(1):162-8) 
Introduction
As many childhood cancers may initiate in utero (1), it is of interest to examine the role of pregnancy characteristics, including plurality, in the etiology of these diverse tumors. Plurality is also of timely importance because the rate of multiple births has risen dramatically in recent decades, from 19.3 per 1,000 births in 1980 to 33.8 per 1,000 births in 2005, largely due to increasing use of infertility treatment (2) . Studies examining the association between twinship and childhood cancer risk have reported either null or decreased risk in twins compared with singletons (3) (4) (5) (6) (7) (8) (9) (10) (11) . However, because these investigations have generally presented only unadjusted risk estimates, it is not clear whether these inverse associations reflect the influence of confounding variables or the unique biology of twin pregnancies. There are several maternal and birth factors that could influence both multiple birth and childhood cancer such as birth weight, maternal age, maternal race, and nutrition during pregnancy (12) . For example, birth weight >4,000 g is positively associated with both acute lymphoblastic leukemia and Wilms' tumor (13, 14) . Because infants of multiple pregnancies are generally smaller than singletons (15) , reports of reduced risk of these tumors in twins may be confounded by birth weight.
Cancer risk among higher-order multiples (i.e. triplets or higher) has not been studied due to the rarity of both these pregnancies and childhood cancer. Higher-order multiple births are of particular recent interest because an increasing proportion of these children are born after the use of assisted reproductive technology (ART). It is estimated that 40% of infants in a triplet or higher birth were born following ART in 2004 in the United States, in contrast to only 17% of twins and 0.6% of singletons (16) . ART procedures have also been hypothesized to increase the risk of cancer in offspring (17) . Although several studies have failed to show an excess incidence of cancer following conception by ART (18) (19) (20) (21) (22) , fertility treatment in general has been associated in single studies with hepatoblastoma (23) , retinoblastoma (24) , and imprinting disorders that predispose to several embryonal tumors (25) . Examination of cancer among higher order multiples may inform ongoing investigation into the sequelae of ART.
In order to more precisely assess the role of birth characteristics in childhood cancer etiology, we pooled data from five states -California, Minnesota, New York (excluding New York City), Texas, and Washingtonwhich had previously compiled case-control datasets by linking their cancer and birth registries (23, (26) (27) (28) (29) . The combined data set is among the largest to examine childhood cancer among twins and is the first, to our knowledge, to examine higher-order multiples.
Materials and Methods
Study Population. Approvals for the study were obtained from the institutional review boards at all participating institutions including each state's health department. Data from each state were deidentified prior to the pooled analysis and, as such, did not require consent of the subjects. Each state selected cases and controls in different years and with different eligibility criteria. The number of controls randomly selected from each state's birth registry varied from 1 control per case up to 10 controls per case. The matching criteria also varied by state. Minnesota, New York, Texas, and Washington used frequency-matching whereas California used individual matching. All states matched on birth year whereas two states matched on month of birth and sex as well. The methods of each state have been published elsewhere (23, (26) (27) (28) (29) and are briefly detailed in Table 1 . Individual observations from each state were combined into one dataset for analysis.
To facilitate pooling, additional criteria were applied to data from individual states. Because some states eliminated children diagnosed between birth and 28 d, these criteria were applied to all states. In addition, due to different sampling methods, some cancer cases were included in the control set in New York and Minnesota; these were excluded. In all analyses, children who had been recorded as having Down syndrome on their birth certificate were excluded (n = 100); however, due to reporting limitations (Down syndrome not recorded in Texas before 1984 and not in Washington before 1989), some children with Down syndrome identified at birth could still be included in the pooled dataset. In California, 73 controls who died before their matched case was diagnosed were replaced.
Specific case information included cancer diagnosis, age at diagnosis, and laterality for Wilms' tumor and retinoblastoma. Classification of cases was done using the International Classification of Childhood Cancer, Third Edition (ICCC-3; ref. 30) . States that classified cases using the second edition (ICCC-2) codes were recoded to ICCC-3 codes for analysis.
Gestational age could be either calculated from last menstrual period or based on a clinical estimate. California provided the last menstrual period estimate only, whereas the other states provide both estimates of gestational age. For this analysis, if the last menstrual period estimate was available it was used; otherwise, the clinical estimate was used. Gestational ages <20 wk or >45 wk were considered implausible and were treated as missing, as were birth weights <350 g.
The primary analysis for this study was limited to children weighing V4,000 g at birth, because birth weights of multiples and singletons varied considerably. Adjustment for birth weight among children weighing >4,000 g would have included only seven twins and no children from higher-order multiple births. The pooled dataset included 17,672 cases and 57,966 controls, 15,068 and 50,286 of whom, respectively, weighed V4,000 g at birth. Among cases, 338 children were twins, and 14 were of triplets or higher-level multiples; among controls there were 1,252 twins and 41 triplets/higher-level multiples.
Statistical Analysis. Unconditional logistic regression was used to examine the association between birth plurality and childhood cancer. Individual matching in the California dataset was broken for the purpose of pooled analysis. Only cancers or broad cancer groups with at least four cases in each category of plurality were analyzed (at least two cases for subgroup analysis). Birth plurality was categorized in two ways: as a dichotomous variable (singleton versus multiple) and as a three-level variable (singleton, twin, and triplet or higher). Crude models were adjusted for pooling by controlling for sex, state of birth, and year of birth (by quartile). In the analysis of plurality as a dichotomous variable, birth weight was classified as <2,000 g, 2,000-2,499 g, 2,500-2,999 g, or z3,000 g, and gestational age was classified as <37 wk or z 37 wk. In the analysis using the three-level plurality, variable birth weight was classified as <1,500 g or z1,500 g, and gestational age was classified as <28 wk or z28 wk because all but three higher order multiples had birth weights <2,500 g. In addition to adjustment for birth weight and gestational age, we also controlled for maternal age (<25, 25-29, 30-34, z35 y), maternal race (white, non-white), birth order (1st, 2nd, 3rd or higher), sex (male, female), state of birth, and birth year (by quartile). Size for gestational age was also examined as a covariate, with subjects classified as small (SGA, <10th percentile), appropriate (AGA, 10th-90th percentile), and large (LGA, >90th) based on the distribution among controls. Because no multiples were LGA, the AGA and LGA categories were collapsed. Models that included size for gestational age did not adjust for birth weight or gestational age.
Additional analyses were conducted with cases stratified a priori by age at diagnosis (0-4, 5-9, and 10-14 y) for all cancers combined, leukemia, lymphoma, and central nervous system tumors. Cases of embryonal tumors (neuroblastoma, retinoblastoma, Wilms' tumor, hepatoblastoma, intracranial embryonal central nervous system, and rhabdomyosarcoma), which occur mostly in the first 5 y of life, were divided a priori into those diagnosed at <2 and z 2 y. Controls were included in these subgroup analyses when they could have been captured by the state's cancer registry had they been diagnosed with cancer based on the age range of the cases. We also analyzed the data restricting cases and controls to those born after 1989 because this was the median birth year and ART use became more frequent in later years. A final sensitivity analysis was done to assess the impact of different case-control ratios using only one control per case for all states. Homogeneity between the individual state estimates was assessed for the more common types of cancer using Wald m 2 tests. No indication of heterogeneity was detected. All analysis was done using SAS version 9.1 (SAS Institute).
Results
Descriptive characteristics of cases and controls by potential confounders are presented in Results of analyses controlling for size for gestational age (data not shown) were similar to those adjusting separately for birth weight and gestational age with the exception of hepatoblastoma in all ages combined and neuroblastoma in children diagnosed before the age of 2 years. The association with The analysis limited to children born after 1989, the median birth year past which the prevalence of ART use is expected to be higher, gave results similar to the overall analysis (data not shown). However, there was an increased risk of soft tissue sarcoma overall (OR, 2.00; 95% CI, 1.13-3.55) and specifically fibrosarcoma (OR, 4.22; 95% CI, 1.22-14.60 ). This analysis is similar to the analysis in the children <2 years of age as it includes the same fibrosarcoma cases.
Few children were part of a higher-order multiple birth, and there were no significant associations with childhood cancer overall or with broad cancer groups with at least four cases who were members of triplet or higher births (Table 5 ). Ten of the 14 cases who were part of a triplet or higher birth were born after 1989, as were 25 of 41 controls. Limiting the data to birth years after 1989, the ORs increased but remained nonsignificant for cancer overall (OR, 1.34; 95% CI, 0.61-2.95) and for embryonal tumors (OR, 1.68; 95% CI, 0.63-4.47), most of which were hepatoblastoma cases. Central nervous system tumors could not be analyzed among the latter period because only one case who was part of a higher order birth was observed.
ORs did not differ from those in the main analysis when the number of controls was limited to only one per case (data not shown).
Discussion
We found a suggestion of a decrease in the risk of Wilms' tumor for children born as part of a multiple birth for all age groups combined and a significantly decreased risk of Wilms' tumor and neuroblastoma in children <2 years. That these associations remained after controlling for a number of potential confounders suggests that mechanisms other than birth weight and gestational age may influence the risk of Wilms' tumor and neuroblastoma in multiple births. We also observed an increased risk of fibrosarcoma in children diagnosed before the age of 2 years. Higher-order multiple births were not associated with childhood cancer, although even in a dataset of this large size there were few children who were part of such births.
Several previous studies have examined the association between multiple births and childhood cancer, but have had varying ability to control for potential confounders and examine specific cancer diagnoses. For childhood cancer overall, unadjusted estimates from previous studies have indicated no difference or a small reduced risk in twins compared with singletons (3) (4) (5) (6) (7) (8) (9) (10) (11) . Two previous studies of twinship and childhood cancer have attempted to control for birth weight. One study assessed whether cancer occurred more often in the heavier twin, which was the case for leukemia but not all other cancer types combined (5, 9). Another found that there was a reduced incidence of childhood cancer overall in twins weighing <3,000 g at birth and an excess in twins weighing z3,000 g (7) . Among the few studies that have examined specific cancer diagnoses besides leukemia, one reported fewer cases of renal cancer than expected (4) . A second study found a decreased risk for cancer overall, hematopoietic cancer (leukemia and lymphoma), and Wilms' tumor (6) . A third study, by contrast, reported an increased risk of renal cancer in twins (11). Our results for Wilms' tumor were generally concordant with previous studies that examined renal tumors or Wilms' tumors specifically. Few studies have examined less common childhood cancer diagnoses, so there is little basis for comparison to prior research. It has been proposed that the inverse association between certain childhood cancers and multiple birth may be due to intrauterine growth restriction rather than birth weight per se (6). We attempted to assess if intrauterine growth restriction, using size for gestational age, explained the associations seen in our study. Analyses that included size for gestational age as a measure for intrauterine growth restriction were similar to models adjusting for birth weight and gestational age as separate variables.
Other mechanisms might also be posited, however speculative, given that neither birth weight nor intrauterine growth restriction explained our observed associations. For example, some studies have found that high folic acid intake may increase the rate of twinning (31) (32) (33) . Likewise, folic acid supplementation has been associated with a decreased risk of neuroblastoma (34) (35) (36) (37) . Other dietary, environmental, or intrinsic exposures that differ between multiple and singleton pregnancies should be considered as well.
Although our numbers were very limited, most of the children who were part of a triplet or higher birth were born after 1989, the median birth year in the dataset.
Although the use of ART was still infrequent, these later birth years would be expected to have an increasing number of children born following conception by ART. All of the children with embryonal tumors who were part of a triplet or higher birth were born after 1989 whereas only one of the four multiples with central nervous system tumors was diagnosed in this later time period. Although this could represent a difference in age distribution in particular cancer diagnoses, it could also represent an increase in embryonal tumors among higher-order multiple births following the advent of ART procedures. However, as most of the embryonal cancers among higher-order multiples were hepatoblastoma, any apparent relationship might instead reflect an incompletely controlled association with low birth weight rather than multiple birth per se because very low birth weight is a well-established risk factor for hepatoblastoma (16, 23, (38) (39) (40) (41) .
The major strength of our study was the large number of childhood cancer cases. We had 80% power to detect an OR of 1.17 (or its inverse, 0.85) comparing multiple with singleton births for all childhood cancers combined; minimum detectable ORs ranged from 1.3 to 5.3 (0.8-0.1) for individual cancer diagnosis. For most diagnoses the minimum detectable OR was <2.5 (0.4). Few other studies have examined the relationship between multiple birth and childhood cancer after controlling for potentially confounding birth characteristics. In addition, with a large sample size we were able to examine less common childhood cancers and age-specific subgroups. Finally, the study was population-based; most cases of cancer in each state in the time periods selected were included along with a random sample of births. Several limitations of this study should also be noted. No information was available on sex concordance, zygosity, or birth sequence. Thus, we could not separate the effects of shared fetal environment from that of shared genetic predisposition. We also may have sampled more than one member of a multiple birth, because no identifying information was available in this limited dataset to screen out siblings. We could identify potential multiple sibships by matching birth year, state of birth, parental age, parental race/ethnicity, and parental education. No higher-order births were found to be possible sibships, but there were seven possible twinships. Of these pairs, three were both controls, three were both cases (both Wilms' tumor, both myelodysplastic syndrome, and one rhabdomyosarcoma/ Wilms' tumor), and one set was a case (neuroblastoma) and a control. However, although these subjects each had common values for matching variables, there is no guarantee that they represented actual twinships.
Other limitations include multiple comparisons, potential measurement error based on birth certificate data, and the lack of data on fetal loss and infant death. With many cancer subtypes examined, significant results in the subgroup analyses in particular could be due to chance alone rather than reflecting a true association. Data items collected on birth certificates have varying levels of accuracy. However, most of the variables used in this analysis, such as maternal age, birth plurality, and birth weight, have been shown to be accurate in validation studies (42) . Finally, information on fetal losses or mortality past 28 days of life was not collected, which could have affected our results in a number of ways. Multiple pregnancy is associated with an increase risk of spontaneous abortion and fetal reduction such that children who might have been twins initially were born as singletons (43) . Because Wilms' tumor and neuroblastoma are known to develop prenatally (44, 45) , it is possible that children who had or would have developed these cancers were more likely to die in utero, giving the appearance of a reduction in risk of cancer. However, leukemia, germ cell tumors, and other embryonal tumors also are thought to have prenatal origins, but did not show inverse associations with multiple births (1, (46) (47) (48) . Twins also have five times the risk of death in the first year of life as do singletons (49) , making competing risk more of a concern among multiple births. It is also possible that multiples who died in the first year would have been more likely to develop cancer, had they lived, than twins who survived the first year of life. However, if this were the case we might expect an inverse relationship in all cancers, rather than in Wilms' tumor and neuroblastoma alone.
In conclusion, ours is the first well-controlled study of childhood cancer in twins and higher-order multiple births. Potential mechanisms beyond birth weight and growth such as dietary, environmental, and genetic exposures should be investigated. These exposures could potentially explain the reduction in risk for Wilms' tumor and neuroblastoma, and possible increase in risk for fibrosarcoma, among children born as part of a multiple birth.
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